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Improvements in production efficiencies and profitability of products from cattle are
of great interest to farmers. Furthermore, improvements in production efficiencies
associated with feed utilization and fitness traits have also been shown to reduce the
environmental impact of cattle systems, which is of great importance to society. The
aim of this paper was to discuss selected novel monitoring systems to measure dairy
cattle phenotypic traits that are considered to bring more sustainable production with
increased productivity and reduced environmental impact through reduced greenhouse
gas emissions. With resource constraints and high or fluctuating commodity prices the
agricultural industry has seen a growing need by producers for efficiency savings (and
innovation) to reduce waste and costs associated with production. New data obtained
using fast, in some cases real-time, and affordable objective measures are becoming
more readily available to aid farm level monitoring, awareness, and decision making.
These objective measures may additionally provide an accurate and repeatable method
for improving animal health and welfare, and phenotypes for selecting animals. Such new
data sources include image analysis and further data-driven technologies (e.g., infrared
spectra, gas analysis), which bring non-invasive methods to obtain animal phenotypes
(e.g., enteric methane, feed utilization, health, fertility, and behavioral traits) on commercial
farms; this information may have been costly or not possible to obtain previously.
Productivity and efficiency gains often move largely in parallel and thus bringing more
sustainable systems.
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INTRODUCTION
New systems that provide automated and real-time information to monitor cattle are being
adopted to make meat and milk production more sustainable due to economic, social, and
environmental pressures. Changes that improve production efficiencies and profitability of
products from cattle are of great interest to farmers, with the added benefit of efficiency
savings helping to reduce the environmental impact of production (Bell et al., 2011),
which has social importance e.g., air and water quality (Gunton et al., 2016). Increasing
animal welfare standards, better quality of life for farm workers, enhanced traceability, and
consumer confidence in livestock production are all important social considerations that
new technologies can help address for high and low input systems. New tools, technology,
and information can provide continuous and repeatable methods for monitoring individual
animals, rather than just groups of animals, which may also improve farmer awareness,
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be used for farm assurance schemes and provide a reliable
phenotype measurement for selecting animals. Early detection
and awareness of poor health, fertility, and animal welfare will
allow farmers to make informed decisions and changes.
The livestock industry has made large improvements to
efficiencies over the past 60 years because of changes in breeding,
nutrition, and management. However, inefficiencies still exist,
for example in dairy cows genetic selection has historically
favored production (e.g., milk) rather than fitness traits (e.g.,
fertility, lameness, mastitis) and ultimately impacting on survival
(Pryce et al., 1999; Dillon et al., 2006). Cows bred for high
yields are known to mobilize body fat for production in early
lactation as they cannot consume enough food to meet the rapid
increase in energy demands caused by the onset of lactation,
resulting in negative energy balance. While a dilution in animal
maintenance requirements with increased average milk yields
per cow has reduced greenhouse gas emissions per unit milk
(Bell et al., 2011), there is little evidence that improvements
in health (e.g., lameness and mastitis) and fertility have been
made during the same period (FAWC, 2009); therefore, there
is potential to enhance health, fertility, and welfare leading to
reduced resource use, input costs, and emissions intensity of
production.
Increasing standards for health and welfare of livestock
has led to considerable research activity into ways to monitor
and measure a wide range of traits (e.g., associated with
fertility, legs/feet, metabolism, udder, birth, feeding, behavior,
milk composition, body composition) that can be used
for management and genetic selection purposes, as well as
parameters of public interest (Eggar-Danner et al., 2015). Bell
and Wilson (2018) found that regional differences in longevity
of cows exists within UK dairy herds, with cows having a shorter
life (averaging 2.6 lactations) in the region with the highest milk
yields and longest interval between calvings (associated with poor
fertility), compared to other regions studied (about 2.8 lactations
on average) with lower milk yields and calving intervals; the
average number of lactations across the UK was still below
three lactations when cows are expected to reach their mature
and optimum level of productivity. Ultimately maintaining
healthy animals will enhance production, particularly later in
life from increased lifetime performance (Bell et al., 2015).
Therefore, management and breeding policies should be directed
toward not only increasing production but decreasing the
causes of involuntary culling (fertility, lameness, and udder
health) (Bell et al., 2010). Survival within a herd influences the
number of replacement animals needed, which in turn influences
the productivity and profitability of the herd, as at a high
replacement rate the costs are high but at too low a rate the
production, reproduction, or genetic improvement of the herd
may be impaired (Hadley et al., 2006). In dairy cows, several
countries around the world (France, Italy, Germany, Switzerland,
Belgium, Australia, United States, UK, Nordic countries, Ireland,
The Netherlands) now give fitness traits more emphasis and
weighting in their total economic merit index for ranking cattle
for genetic selection purposes (Eggar-Danner et al., 2015) and
less weighting than other countries toward milk production traits
(milk, fat, and protein yield) at <50% weighting in the index
with The Netherlands being the lowest at about 25% weighting
on production traits. Therefore, with more weighting given
to fitness traits rather than production traits, the health, and
fertility of animals is expected to improve in the future. Although
heritabilities of fitness traits in cattle can be low compared
to production traits, the large coefficient of genetic variation
for traits such as mastitis (33%) and lameness (45%) suggests
there is considerable potential for breeding (Pritchard et al.,
2012) with the effect being permanent and cumulative. Pritchard
et al. (2012) found the coefficient of genetic variation to range
from 11 to 13% for moderately heritable milk production traits,
but to be as little as 3% for calving interval (an indicator of
fertility).
As financial pressures on farmers increases (Defra, 2018),
each stockperson will be expected to look after more animals.
Tools that can assist farmers in monitoring individual animals
or groups will be beneficial to the animal and farmer. Enhanced
monitoring tools will enable available farm labor to be targeted
toward those animals that need it. For example, management
at calving plays an important role in the subsequent health
and reproductive performance of cattle during their lifetime
(Bell and Roberts, 2007). A difficult birth can lead to tissue
damage and introduce infectious microorganisms into the uterus
leading to a uterine infection (Lewis, 1997; Kim and Kang,
2003). The development of precision monitoring of individual
animals that are non-invasive, automated, and produce results
in real-time, such as digital image applications and online
measurements, are becoming more available as “machine
learning” technologies develop and the cost of implementation
on farms reduces. Such technologies have the potential to allow
welfare and health issues to be detected quickly for more
animals compared to more manual methods currently used, thus
improving animal health and welfare outcomes. More intensively
monitored production systems can provide data to capture a
large number of phenotypic measures to manage animals and
their environment (e.g., climate, plant, soil) (Figure 1). The data
can potentially be combined to create monitoring systems that
describe animal “wellbeing” or identify abnormal patterns by
linking production (e.g., live weight, body composition change,
growth rate, milk yield, and composition), fitness or functional
(e.g., fertility, lameness, survival, conformation), and behavior
(e.g., activity) data. The challenge to society, scientists, and
farmers is to improve efficiency of food production by better
matching available and appropriate resources to requirements,
to optimize profit, production, and minimize pollution (from
waste).
The objective of this paper was to discuss selected
novel monitoring systems to measure phenotypic traits
associated with dairy cows that are considered to bring
more sustainable production with increased productivity and
reduced environmental impact through reduced greenhouse
gas emissions. Bell et al. (2018) identified the phenotypic traits
of feed utilization, enteric methane emissions, body condition,
health, fertility, and overall survival of dairy cows as important
traits for more sustainable production on commercial farms.
Novel objective ways to monitor these traits was the focus of this
review.
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FIGURE 1 | Data sources used to monitor and manage cows and their environment.
PRODUCTION TRAITS
Feed Utilization
With resource constraints and high or fluctuating commodity
prices the agricultural industry has seen a growing need by
producers to make savings in inputs costs (i.e., feed, health, and
fertility). Feed inputs can account for 70% of variable input costs
associated with cattle enterprises (Redman, 2015), and with feed
intake being high and positively correlated with animal enteric
methane emissions (Bell and Eckard, 2012), there has been
considerable interest in phenotypic measurements of feed intake
(Berry and Crowley, 2013; Pryce et al., 2014) and enteric methane
emissions on commercial farms. Improvement in feed efficiency
in non-ruminant livestock systems has been remarkable, for
example, in broiler chickens the meat produced per ton of feed
has nearly doubled from 85 kg/t in the 1960 s to 170 kg/t in
2005 (van der Steen et al., 2005). Optimizing the utilization of
available food and its quality is important to the profitability
of any production system, as well as helping to minimize the
proportion of nutrients consumed by the animal that are lost
to the environment. In cattle, about 35% of energy consumed
in the diet can be lost in the form of enteric methane, feces, or
urine and 77% of nitrogen consumed can be excreted in feces or
urine (Bell et al., 2015). Measuring feed intake or feed utilization
efficiency (such as residual feed intake, which is the difference
between an animal’s actual feed intake and its expected feed
intake based on its size and growth over a defined period) for a
large number of cattle is more costly than for pigs or poultry, due
to the equipment needed to measure intakes of a mixed ration.
Nieuwhof et al. (1992) found that feed efficiency in growing
animals was correlated with feed efficiency in mature breeding
and lactating animals, which is important when measuring feed
efficiency as younger animals have lower feed intakes and feed
consumed is largely used for maintenance and growth.
When formulating a diet to be fed to livestock, the
conventional approach is to determine the least-cost ration
depending on the estimated nutrient requirement of the average
animal in the group based on infrequent determination of diet
nutrient concentrations. This means that some animals will be
underfed, and others overfed. Typically nutrient concentrations,
delivered via concentrate feeds, in the diet are held constant
and dependent on how often the feed is analyzed, for example
frequency of forage analysis. In reality, considerable temporal
variation can exist in quality of feed ingredients and diets, and
among animals, and more precise determination of nutrient
availability delivered at the level of the individual animal offers
considerable productive, financial, and environmental benefits.
Specifically, the overall benefits of more precise allocation of
nutrients to animals would be to (1) improve production
system sustainability by increasing feed utilization efficiency, (2)
improve performance of individual animals and the herd, and
(3) reduce the environmental impact of food production through
less nutrient waste. Near-infrared reflectance (NIR) spectroscopy
has been shown to provide a fast and reliable analytical method
for analyzing feed and products of digestion (Decruyenaere
et al., 2009). Such an approach could provide not only real-
time nutrient concentrations in feed and excreta but a prediction
of feed intake for housed and grazing animals. Furthermore,
poor quality food can impair the production and wellbeing
of the animal which leads to an inability to achieve desired
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intakes of food, therefore resulting in increased land required and
reduced nutrient efficiency. Improved utilization of feed by one
kilogram per year over a dairy cow’s lifetime would amount to
about £324,000 in increased profit to the dairy industry per year
(assuming a population of 1.8 million cows in the UK), together
with a potential reduction of 1.3 kg carbon dioxide equivalent
emissions produced per cow per year (Bell et al., 2015).
Enteric Methane Emissions
The emissions of enteric methane from ruminant animals follow
a diurnal pattern (Crompton et al., 2011; Manafiazar et al.,
2017; Bell et al., 2018), with a peak in emissions after feeding
followed by a decline until the next consumption of feed.
The diurnal pattern is affected by feed allowance and feeding
frequency (Crompton et al., 2011), and does not appear to
change over time or with a change in diet (Bell et al., 2018).
Historically most studies assessing methane emissions from
cattle have been done using respiration chambers (Ellis et al.,
2007; Yan et al., 2009, 2010), which is impractical for large-
scale estimation of methane emissions by individual animals
on commercial farms. Approaches to measure enteric methane
emissions from individual dairy and beef cattle on commercial
farms are being developed (Garnsworthy et al., 2012a,b; Lassen
et al., 2012; Manafiazar et al., 2017) due to the availability of more
portable gas analysis equipment and the considerable interest in
the possibility of identifying high and low methane emitters for
benchmarking farms, improving national emissions inventories
and/or genetic selection. The frequent “spot” sampling of breath
methane emissions when an animal is at a feed bin can
provide repeated measurements to allow assessment of between-
cow, within-cow, diet, and temporal effects on emissions when
sampled over several days. The duration of sampling needed
to assess variation among individual animals is dependent on
the frequency of spot measurements and visits to the sampling
location (Cottle et al., 2015). Garnsworthy et al. (2012a),
showed that estimates of methane made during milking were
correlated with total daily methane emissions by the same cows
when housed subsequently in respiration chambers. Quantifying
enteric methane emissions from peaks in concentration whilst
feeding (Figure 2) has been demonstrated to provide repeatable
phenotypic estimates of emissions (Garnsworthy et al., 2012a,b;
Lassen et al., 2012).
As with NIR spectra for feed analysis, mid-infrared reflectance
(MIR) spectra have gained considerable interest for identifying
biomarkers in milk. Standard milk components such as fat,
protein, urea, and lactose contents are routinely obtained using
MIR spectroscopy. However, the potential exists for a wide range
of biomarkers to be monitored using the technique (e.g., fatty
acids, lactoferrin, minerals, acetone, and β-hydroxybutyrate)
(Gengler et al., 2016). The calibration process for MIR spectra
estimates the amount of biomarker based on specific data points
within the spectra (Figure 3) (Vanlierde et al., 2016). The use
of MIR spectra to estimate methane emissions is based on the
relationship between changes in rumen fermentation and milk
composition. As methane synthesis increases with an increase
in the ratio of butyrate to propionate in the rumen, such as
with increased forage intake in the diet, this causes a decrease
in milk lactose content and an increase in fat content (Miettinen
FIGURE 2 | Concentration in parts per million of (A) methane and (B) carbon
dioxide during a single milking showing peaks in breath (Bell et al., 2014).
and Huhtanen, 1996). Machine learning on large datasets such
as spectral data, accelerometer, or breath sampling can process,
refine, or classify, and generate predictions from raw analytical
data based on predetermined algorithms to create meaningful
outputs for real-time decision making.
Body Condition
Body condition scoring has traditionally been done by manual
scoring of the amount of body fat reserves associated with a live
animal at a given time. The scoring method provided a simiple
means for farmers to manually assess the body fat of animals
rather than rely on more specialized ultrasound equipment to
more accurately measure body fat. This is a subjective scoring
measure with potential differences in human interpretation
leading to reduced reliability and repeatability. Body condition
is scored using a variety of scales and approaches (Bewley et al.,
2008a), but typically on a scale of extremely thin (1) to very fat
(5 or 9 depending on scale adopted) in quarter intervals. The
measure gained prominance as a means of monitoring changes in
body fat reserves, which can alter depending on the animal’s stage
of production (e.g., at calving, conception, and when dried off).
Also, in dairy cows, low fat levels and the mobilizing of body fat
reserves for milk production has been found to have a deleterious
effect on the health and fertility of the cow (Pryce et al., 1999)
and lifespan. Modern high milk yielding dairy cows have a high
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FIGURE 3 | Mid-infrared spectra for milk (Sivakesava and Irudayaraj, 2002) with arrows indicating the three regions of the spectra for estimating enteric methane
emissions.
genetic potential for mobilizing body energy reserves for milk.
Automated image analysis can be used to objectively assess the
body condition (e.g., fat depth) of individual animals in real-time
(Bewley et al., 2008b; Halachmi et al., 2008; Azzaro et al., 2011).
FITNESS TRAITS
New technologies are developing that provide new ways to
measure fitness traits associated with farmed animals (Day,
2005; Berckmans, 2008; Wathes et al., 2008). A number of
sensor technologies (Wathes et al., 2008; Neethirajan, 2017)
that can be used on animals exist such as accelerometers, GPS,
rumen boluses, and temperature sensors. Other technologies
are emerging such as image analysis and online data sources
such as spectral data. These technologies benefit from not
relying on human intervention, transponder attachments, or
invasive equipment (e.g., boluses, collars), and may provide
more information compared to other monitoring systems at a
relatively low cost. Also, some existing movement or activity
sensors, such as accelerometers, are calibrated using video
image material. Accelerometers provide information on both
body posture (standing, lying, walking) and activity, which
are used as descriptors to define behaviors, which can now
also be done using live video footage. Accelerometers have
provided a useful tool to help farmers to identify estrus
activity in cows (Wathes et al., 2008). Data can be acquired
from animals when they visit a common location such as
milking station, feed, and/or water trough. A disadvantage of
video image monitoring is that it is more suited to housed
animal environments. Such phenotypes of interest include breath
concentrations of biomarkers such as methane (energy lost
from rumen fermentation) and carbon dioxide (energy lost by
respiration) gasmentioned above (Bell et al., 2014), milk (Gengler
et al., 2016), conformation or locomotion (Stock et al., 2017),
and behavior recognition (Cangar et al., 2008) systems which
filter large amounts of data to produce real-time results. Not
only is milk composition affected by the genetic background of
cows (e.g., breed), but also the diet they are fed, their health, and
environment—therefore providing a means to monitor the status
of the animal and potentially subclinical cases such as udder
health.
Animal Health and Welfare
The annual cost of common health and welfare challenges in
the dairy industry is considerable. With rapid developments
in camera surveillance technology, machine learning and
processing, and computer vision techniques, new objective
methods to monitor animals are possible that can help improve
early detection of health, fertility, and welfare problems.
The combination of sensors i.e., images with transponder
technologies, may ultimately provide a more “complete”
approach to monitoring animal wellbeing but further research
is needed to determine this. Using camera images to monitor
animal behavior manually has been used for decades and
automated monitoring of group housed pig and poultry systems
is available (Wathes et al., 2008). While still developing, the
automatic prediction of individual animal behavior and welfare
of animals may be useful for farm assurance schemes as a
repeatable, reliable and objective measure across different farm
environments. As a management tool, the monitoring of cows at
calving is essential to determine if there is a need for intervention,
which can be hazardous for the cow, calf and stockperson.
Alterations in behavior, such as standing, lying, head, and tail
movements, can give an indication of the need for assistance
(Hyslop et al., 2008).
Recent technological advances in the field of computer vision
based on the technique of deep learning (Krizhevsky et al., 2012;
Girshick et al., 2014) have emerged which now makes automated
monitoring of video feeds feasible. Deep neural networks can
be used for a number of animal monitoring tasks such as
recognizing the type of animals (recognition), detecting where
the animals (and any other objects of interest) are located in
the image (detection), localizing their body parts, and even
segmenting their exact shape (silhouette) from the image. See
Figure 4 for an example. Furthermore, adaptations of neural
networks for analyzing video can be used for a number of
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FIGURE 4 | Cow whilst calving with location of the cow, its body parts and the configuration of the cow body (shown in terms of bounding boxes and lines) identified
by computer vision from video surveillance.
high level analysis tasks such as recognition of specific animal
behaviors (Gkioxari et al., 2015).
A major benefit of automated image analysis is that it
allows continuous monitoring for long-periods of time which
is not possible for a stockperson, and can complement existing
surveillance video footage accessed remotely. Image analysis can
not only detect and track individuals but also groups of animals
(i.e., herd, flock, or mother with offspring), which is not possible
using other monitoring methods.
COMBINING DATA SOURCES
Precision management systems that recognize the needs of
individual animals could potentially contribute to significant
reductions in feed costs and nutrients wasted, but techniques
to do this require development. This approach offers increased
efficiency in the use of input resources such as feed, by improved
predictive capabilities and tools that allow variability among
animals to be managed. Farm data, modeling, and computer
programs can be integrated (Figure 5) to create a real-time
system for precise allocation of food (Pomar et al., 2010). The
need for testing and practical application of such an approach has
been identified by others (Wathes et al., 2008; Pomar et al., 2011),
before being implemented on farms. Precision feeding aims to
provide a diet tailored to the requirements of an individual
animal to enhance overall performance and nutrient utilization.
In theory, collated real-time farm information should allow the
quantity and composition of the diet to be adjusted daily to the
needs of each animal on the farm. Computer-based methods of
processing these data will aid the automation of feeding.
In the short-term, recording systems that obtain new
information and phenotypes may provide a benchmarking or
decision support system for the farmer to improve awareness and
management. In the medium to long-term, recording systems
may provide customized animal selection indices (Bell et al.,
2013, 2015) for herd management or breeding. customized
FIGURE 5 | Flow-chart showing animal model used to predict nutrient
requirements.
selection indices are appropriate for fitness traits with low
heritability (Cottle and Coffey, 2013) or largely influenced by
farm environment. A reduction in greenhouse gas emissions per
unit product from dairy cows of about 1% per annum has been
estimated over the last few decades because of genetic selection
alone (Bell et al., 2015), with no change found in the emission
intensity of beef cattle (Jones et al., 2008). Due to increasing
production per animal over this same period, the emissions
per cow are estimated to increase by 1.0% (Bell et al., 2015).
Selection on body maintenance requirements (or live weight as
an approximation for maintenance) or feed efficiency/methane
could help reduce the increase in emissions per cow and per unit
product.
Furthermore, automated and objective farm level recording
systems may capture the effect of environment and its interaction
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with the genetic background of the animal. Evaluating progeny
for production and fitness traits across breeds and environments
fails to fully account for the effect of environment on different
genotypes, and therefore there is potential for better genetic
progress to be made within different production systems using
customized indices. Strandberg et al. (2009) found a genotype
by environment interaction for fertility traits, with days to first
insemination and calving interval explaining the majority of the
genotype by environment variation observed. It could be that
these objective fertility traits are more accurately acquired than
traits that rely on a subjective pregnancy diagnosis. Haskell et al.
(2007) studied Holstein-Friesian herds and found production
intensity (age at first calving, kilograms milk, milk fat, and
protein production) and climate (temperature and rainfall) were
the factors explaining the majority of the variation seen in
production systems across the UK. Several of these variables were
also common variables identified in a study on Holstein-Friesian
cows across countries by Zwald et al. (2003). Zwald et al. (2003)
found climatic temperature, herd size, sire for milk, percentage
of North American Holstein genes, peak milk yield, fat to protein
ratio in milk, and standard deviation of milk yield to be the
main variables explaining the majority of variation between a
genotype and its environment. Sires vary in the sensitivity of
their daughters to different farm environments, with a small
proportion of sires producing daughters that are less affected by
their farm environment (Haskell et al., 2007) i.e., more robust
animals. Therefore, identifying progeny that are more robust
to a certain production system or farm environment would be
beneficial to the efficiency of the system.
CONCLUDING REMARKS
This study discussed selected novel monitoring systems
that have the potential to increase productivity and reduce
the environmental impact of commercial cattle systems.
Improvements in the production efficiency and utilization of
resources needed to produce meat and milk from cattle is of great
interest to farmers, policy makers, and society. New technologies
are providing opportunities to objectively monitor and measure
phenotypes using non-invasive methods associated with cattle
that were previously seen as difficult or costly to obtain (e.g.,
enteric methane, feed utilization, and behavioral traits). This
potentially brings new information or data sources for enhanced
farm level monitoring, awareness, and decision making. For any
new monitoring system it needs to easily integrate into the farm
system, as well as be accurate and reliable for longevity of use.
Adoption by the farmer is reliant on the perceived benefits and
investment needed, which may be influenced by the production
system i.e., high versus low input system. Whatever the farmers’
needs might be depending on their production system, new ways
of monitoring performance can complement the existing work
of the farmer, especially with regard to traits that are difficult to
continually monitor (e.g., feed utilization, methane emissions,
body condition, animal behavior, health, and welfare).
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